Abstract-The purpose of this article is to discuss gaps in our knowledge concerning how honey bee primer pheromones mediate worker activities and colony functions. We first review the chemical structure and functions of queen mandibular pheromone (QMP), but then focus primarily on areas of potential future research interest. We discuss the mode of action that QMP may have on workers, address the issue of why QMP is a complex blend of five components, propose an evolutionary pathway for pheromone complexity in the genus Apis, discuss biochemical differences between worker and queen mandibular glands, review the evidence for additional queen pheromones besides QMP, examine how queen and brood pheromones interact to mediate colony biology, and discuss the relative importance of congestion and population size in pheromone transmission. Finally, we suggest some research areas that involve commercial applications of honey bee pheromones for beekeeping and crop pollination. &copy; Inra/DIB/AGIB/Elsevier, Paris
INTRODUCTION
The purpose of this article is to discuss gaps in our knowledge concerning how honey bee primer pheromones mediate worker activities and colony functions.
There is, of course, a great deal known about pheromones in social insects, and especially the honey bee (Free, 1987; Winston, 1987 Winston, , 1992 The honey bee is the only social insect for which any primer pheromone has been identified chemically, and that is the queen's mandibular gland pheromone (QMP) . The identities of some pheromone components from the queen's mandibular glands have been known for over 35 years, and were among the first insect pheromones to be identified (Barbier and Lederer, 1960; Callow and Johnston, 1960 ; Butler and Fairey, 1964; Callow et al., 1964) . However, in 1988 additional compounds were reported that, in combination with previously identified components, provide a full duplication of the queen's pheromonal activity from the mandibular gland secretions (Slessor et al., 1988) . Additional activity originating from pheromones secreted by other queen glands has yet to be chemically identified .
The queen's mandibular gland pheromone, or QMP, consists of five components, including (E)-9-keto-2-decenoic acid (9ODA), (R,E)-(-)-and (S,E)-(+)-9-hydroxy-2-decenoic acid (9HDA), methyl p-hydroxybenzoate (HOB) , and 4-hydroxy-3-methoxyphenylethanol (also called homovanillyl alcohol or HVA). This blend may vary in the proportions of individual compounds Pankiw et al., 1996) , but all five components are necessary to elicit the full range of worker responses to QMP (Winston et al., 1989 . Functions of QMP identified to date include the inhibition of queen rearing by workers (Winston and Taylor, 1980; Winston et al., 1989 Winston et al., , 1990 Naumann et al., 1993; Pettis et al., 1995a; Melathopolous et al., 1996) , attraction of workers to form a retinue around the queen within colonies as well as externally to form a swarm cluster (Winston et al., 1982 (Winston et al., , 1989 Slessor et al., 1988; , stimulation of pollen foraging and brood rearing in small, newly founded colonies (Higo et al., 1992) , and delay of worker behavioral transitions from within-hive to foraging tasks (Pankiw et al., 1998) . Early studies also reported that QMP inhibits worker ovaries from developing, but subsequent research has suggested that QMP alone has no role in the suppression of worker ovary development and egg laying (Willis et al., 1990; Kaatz et al., 1992a; Plettner et al., 1993) .
Rather, brood-produced primer pheromones appear to provide the most significant inhibition preventing worker ovary development, in combination with non-mandibular queen pheromones (Jay, 1970 (Jay, , 1972 . Brood pheromones also are involved in stimulating cell capping by adult workers (LeConte et al., 1990) , and promoting larval feeding and development of adult glands that produce brood food (LeConte, 1995; Mohammedi et al., 1996) (Fluri et al., 1981; Robinson et al., 1992; Fahrbach et al., 1995) . The pattern of high JH production for the first 2 days of a queen's life, followed by low levels thereafter, is closely and inversely related to the QMP production profile of queens, in which QMP is low upon emergence but rises rapidly during the first 2 days postemergence, and usually stays high for the rest of the queen's life Pankiw et al., 1996) (Winston et al., 1989 Pettis et al., 1995a; Melathopolous et al., 1996) . Workers do rear new queens in the presence of the old queen prior to reproductive swarming, probably because pheromone dispersal is reduced in crowded colonies so that her inhibition is insufficient to suppress the queen rearing that precedes swarming (Winston and Taylor, 1980; Winston, 1987; Winston et al., 1991; Naumann et al., 1993) .
The physiological mechanism of QMP's inhibition of queen rearing is completely unknown, but a useful approach to address this issue might exploit genetic differences in worker responses to queen pheromone. Some worker lines are highly responsive and others respond poorly or not at all to QMP in laboratory bioassays Pankiw et al., 1994 Pankiw et al., , 1995 Pankiw et al., , 1996 Pankiw et al., , 1998 . Interestingly, the high responding workers are considerably more likely to be involved in queen rearing than the low responders, for reasons we do not yet understand (Pankiw, 1997 (Slessor et al., 1988; Winston et al., 1989 (Allan et al., 1987) , and that workers whose antennae have been removed do not respond to QMP in laboratory bioassays (L-A Kaminski, unpublished observations). Also, 9ODA alone is sufficient to inhibit juvenile hormone secretion in worker bees, and there were no differences in JH levels between workers exposed to 9ODA alone and those treated with the full, five-component QMP blend (Kaatz et al., 1992a, unpublished observations (Smith, 1991) . Com (Sasaki et al., 1989; Plettner et al., 1993 Plettner et al., , 1996 Plettner et al., , 1997 (Winston, 1987) . However, 10-HDA is most abundant in older workers of foraging age (Plettner et al., 1997) , suggesting a foragingrelated function, possibly as a primer pheromone involved in regulating the ages at which workers begin to forage (Huang and Robinson, 1992; Pankiw et al., 1998 . In contrast, it may be in the workers' interests to cooperate with the queen in pheromone transfer even though that cooperation results in preventing their own reproduction (Keller and Nonacs, 1993 (Slessor et al., 1988 Crewe, 1988, 1991) , and other primer pheromone functions (Renner and Baumann, 1964; Velthuis, 1967 Velthuis, , 1970 Queens also deposit substances on comb that may inhibit queen cell construction, possibly originating from tarsal glands of mated queens (Lensky and Slabezki, 1981) . These so-called footprint pheromones could be QMP, since queen mandibular pheromone is deposited by queens as they walk on comb in quantities that could suppress queen rearing . Nevertheless, research has not yet ruled out the potential existence of tarsal gland footprint pheromone, and if it does exist the functions of its active ingredients remain unexplored.
A third queen pheromone appears to be produced in the Dufour's gland, and is deposited on eggs as they are laid by the queen (Ratnieks, 1995 (Seeley, 1979; Naumann, 1991; Naumann et al., 1991 Naumann et al., , 1992 Watmough, 1996) . In addition, the queen and messenger bees deposit a relatively minor amount of pheromone on the comb as they walk through the nest, which may then be picked up by other workers walking on the pheromone-impregnated comb (Naumann et al., 1991).
Our initial findings suggested that QMP was the retinue attractant, but subsequently we discovered the existence of lowresponding lines of worker bees that exhibited virtually no response to QMP in laboratory bioassays Pankiw et al., 1994 Pankiw et al., , 1995 . Oddly, workers that have no response to QMP will nevertheless form normal-appearing retinues around the queen, and their colonies show no apparent differences from colonies made up of high-responding workers (Pankiw et al., 1995 The influence of brood in preventing worker ovary development was first described by Jay (1970 Jay ( , 1972 The results demonstrated that both brood and the queen were necessary to inhibit ovary development in adult worker bees, and that this effect had a pheromonal basis. In addition, Jay found that the brood signal alone provided a stronger inhibitory effect than the queen pheromone. Subsequent research (Willis et al., 1990; Kaatz et al., 1992b) added the surprising finding that QMP was not the queen pheromone that prevented worker egg laying. Virtually no other progress has been made in identifying the brood pheromone or in further exploring the interaction between queen and brood substances.
However, there have been some tantalizing reports that suggest further exploration of the mechanisms involved in worker ovary inhibition might reveal a complex pheromonal control system with profound implications for our understanding of social insect colony organization. Ovary development in insects involves two processes, the production of yolk proteins (vitellogenin) and ovary development and egg production itself. It appears that these two processes may be mediated by different pheromonal systems in the honey bee. Preliminary work suggests that queens may have an important function in suppressing the synthesis of vitellogenin, possibly due to QMP activity (Kaatz et al., 1992b) , while brood is likely to be more significant in suppressing ovary development and egg laying in workers (RW Currie, unpublished observations). Further work in this area will provide important information addressing two of the key issues in social insect biology, the proximate nature of the signals mediating reproductive differences between queens and workers and the ultimate pathways by which colony structure evolved.
A second interaction between queen and brood pheromones involves the inhibition of queen rearing. Surprisingly, there is an inverse relationship between the number of queens reared and the quantity of young brood provided to workers in queenless colonies (Pettis et al., 1997 (Seeley and Fell, 1981) .
Recently, we provided evidence that queen pheromone dispersal does change in colonies that are beginning to become crowded with adult workers (Naumann et al., 1993 (Currie et al., 1992 a, b; Naumann et al., 1994) .
It is only within the last 10 years that honey bee synthetic pheromones have been sold commercially, primarily as worker attractants to catch swarms (Schmidt et al., 1993; and pollinate crops (Currie et al., 1992a, b; Naumann et al., 1994; (Winston et al., 1989 ), yet unusually high concentrations of QMP have no effect on unrelated worker behaviours (Pettis et al., 1995b 
